Whereas cooperative communication between the hippocampus (HP) and prefrontal cortex (PFC) is critical for cognitive functions, an antagonistic relationship may exist between the basolateral amygdala (BLA) and PFC during emotional processing. As PFC neurons integrate information from converging excitatory BLA and HP inputs, we explored whether the ability of BLA inputs to evoke feedforward inhibition in the PFC affects converging HP synaptic inputs using in vivo intracellular recordings in anesthetized rats. BLA train stimulation decreased HP synaptic responses in the PFC in vivo. This effect was dependent on the timing of HP-evoked responses and the strength of BLA activation. BLA train stimulation also produced heterosynaptic suppression of responses from the amygdalo-piriform cortex, an associative temporal cortical structure. Heterosynaptic suppression was unidirectional as HP trains failed to modify BLA synaptic responses. These findings provide a mechanism by which BLA activation could decrease PFC neural activity and transiently attenuate the HP influence on PFC function.
Introduction
Finely tuned prefrontal cortical (PFC) function is critical for cognition, executive functions, and regulation of emotional processing (Bechara and Van Der Linden, 2005; Chudasama and Robbins, 2006; Townsend and Altshuler, 2012) . The PFC role in cognitive and executive functions depends on interactions with other limbic and cortical structures, including the basolateral amygdala (BLA), hippocampus (HP), and associative cortices, and the manner inputs from these other structures are integrated in the PFC is likely to affect these functions. The BLA is critical for processing emotional and motivational information (Bechara et al., 2003; Phelps and LeDoux, 2005) , and BLA-PFC interactions are required for decision making, behavioral control, and emotional processing (Floresco and Ghods-Sharifi, 2007; Churchwell et al., 2009; Kim et al., 2011b; Sotres-Bayon et al., 2012) . On the other hand, communication between the HP and PFC is critical for cognition, and cognitive performance requires coordinated HP and PFC activity (Eichenbaum, 2000; Gordon, 2011) . Thus, the manner in which PFC neurons integrate HP and BLA inputs is a key element in their role in higher-order behaviors.
BLA and PFC activity is often inversely correlated. Increases in BLA activity are associated with decreased PFC activity in humans (Kim et al., 2011a; Sripada et al., 2012; Townsend and Altshuler, 2012) , and these opposing changes are principally observed during emotional processing, anxiety, and stress (Kim et al., 2011a; Veer et al., 2012) . This inverse relationship has been suggested to reflect a "top-down" PFC regulation of the BLA, as cognitive control of emotional processing is associated with increased PFC activation and decreased amygdala activity (Townsend and Altshuler, 2012) . In rodents, PFC stimulation suppresses BLA projection neuron activity (Rosenkranz and Grace, 2002 ; but see Likhtik et al., 2005) . Conversely, BLA stimulation inhibits the majority of PFC neurons (Pérez-Jaranay and Vives, 1991; Ishikawa and Nakamura, 2003; Floresco and Tse, 2007; Dilgen et al., 2013 ) via a feedforward inhibition mechanism. Indeed, BLA stimulation enhances the activity of PFC GABAergic interneurons and evokes inhibitory synaptic responses in PFC pyramidal neurons (Dilgen et al., 2013) . This interaction provides a framework whereby a "bottom-up" inhibition of the PFC by the BLA can occur in response to emotionally arousing stimuli via recruitment of feedforward inhibition.
It is possible that BLA-evoked feedforward inhibition affects PFC responses to other inputs. Here, we investigated whether BLA stimulation affects PFC responses to activation of inputs from the HP and the amygdalo-piriform cortex (AP), an associative complex in the temporal cortex. We used in vivo intracellular recordings with optogenetics to determine subthreshold synaptic interactions between BLA and HP inputs in PFC neurons, assessing whether strong BLA activation results in heterosynaptic suppression of HP-evoked synaptic responses.
Materials and Methods
Subjects. Male Long-Evans rats weighing 300 -450 g (Charles River Laboratories) were kept in a temperature and humidity-controlled environment with lights on at 7:00 A.M. and lights off at 7 P.M., and with food and water available ad libitum. All experiments were conducted in accordance with guidelines published in the United States Public Health Service Guide for the Use and Care of Laboratory Animals, and all procedures were approved by the University of Maryland School of Medicine Institutional Animal Care and Use Committee.
In vivo intracellular electrophysiology. Rats were anesthetized with choral hydrate (400 mg/kg, i.p.). Anesthesia was maintained throughout the experiments using continuous choral hydrate (24 -30 mg/kg/h) via an intraperitoneal catheter. Body temperature was maintained at ϳ37°C using a thermal probe-controlled heat pad (Fine Science Tools). Rats were fixed on a stereotaxic apparatus (Kopf Instruments). Concentric bipolar stimulating electrodes (0.5 mm diameter, 0.5 mm pole separation; Rhodes Medical Instruments) were lowered into the left BLA [3.0 mm caudal to bregma (anteroposterior); 4.9 -5.0 mm lateral to midline (mediolateral); 7.4 mm from dura (dorsoventral)] and left fornix [anteroposterior: Ϫ3.0 mm; mediolateral: 3.9 -4.0 mm; dorsoventral: Ϫ3.1 mm]. Coordinates were based on the rat brain atlas of Paxinos and Watson (1998) . Recording sharp microelectrodes were pulled from borosilicate glass (1 mm O.D.; World Precision Instruments) on a horizontal Flaming-Brown puller (Sutter Instruments). Sharp electrodes were filled with 2% Neurobiotin (Vector Laboratories) in 2 M potassium acetate. Microelectrodes were lowered into the superficial cortex using a hydraulic manipulator (Trent Wells), and electrode resistance was determined (50 -110 M⍀). Medial PFC coordinates were 2.8 to 3.4 mm anteroposterior, 0.6 to 1.0 mm mediolateral, and Ϫ2.5 to 5.5 mm dorsoventral from dura. Recordings were made in current clamp. Signals were passed through a headstage to a Neurodata Intracellular Amplifier (Cygnus) and continuously monitored on a digital oscilloscope (Fluke), a multimeter (Tektronix), and an audio monitor (Grass). Signals were digitized at 10 kHz using a Digidata (Molecular Devices) and acquired with Axoscope 9 software (Molecular Devices) for offline analysis.
Microelectrodes were advanced through the medial PFC while passing square current pulses (0.2 nA; 100 ms) to continuously monitor electrode resistance. After a neuron was impaled, baseline activity was recorded for Ͼ3 min before determining the input resistance of the neuron. Neurons included in this study had a resting membrane potential more negative than Ϫ60 mV and action potentials with amplitudes Ն40 mV from threshold. To determine whether BLA activation influences hippocampal inputs to the medial PFC, we used a stimulation protocol wherein a baseline pulse was applied to the fornix (F1; 0.5 ms duration; 0.3-1.0 mA), the fiber bundle that includes hippocampal fibers innervating the forebrain. After a 500 ms delay, a conditioning pulse train was applied to the BLA (BLA train ; 10 pulses; 10, 20, or 50 Hz). A test pulse (F2; 0.5 ms duration; 0.3-1.0 mA) was subsequently applied to the fornix at varying delays after the last BLA train pulse (50, 100, 150, 300, or 500 ms) in either ascending or descending order. The order in which the F2 test pulse was applied was counterbalanced among cells, with approximately half being presented with F2 pulse in ascending delays and the other half being presented with descending F2 delays. The interstimulus intervals between the first and second fornix pulse (F1 and F2) ranged from 730 to 1180 ms, 1000 to 1450 ms, and 1450 to 1900 ms for the 50, 20, and 10 Hz stimulation protocols, respectively. We also determined whether a single conditioning pulse to the BLA would modify a subsequent F2 test pulse using the same protocol, with the exception that the BLA pulse train was replaced by a single pulse to the BLA (F1-BLA single -F2). To determine whether alterations in F2 responses were due to short-term facilitation, we conducted the same stimulation protocol as described above but omitted BLA train stimulation (F1-NoBLA-F2). In some cases, the AP cortex was stimulated instead of the fornix to evaluate effects of BLA train stimulation on synaptic responses (AP1 and AP2) in another cortical-PFC pathway. To determine whether HP inputs could in turn affect responses to BLA stimulation in the PFC, we conducted similar experi- ments but with baseline and test pulses applied to the BLA (BLA1 and BLA2) and conditioning pulse train or single pulse applied to the fornix (F train or F single ).
Optogenetics. Rats were anesthetized with 1-2% isoflurane. An adenoassociated virus expressing channelrhodopsin-2/YFP under the control of the CaMKII promoter was microinjected into the left ventral HP at two sites (anteroposterior: Ϫ5.6 mm; mediolateral: 5.0 mm; dorsoventral: Ϫ6.5 mm and Ϫ5.0 mm from dura; 0.5 l per site). Electrophysiological experiments were conducted 6 -8 weeks after viral infection. Instead of a stimulating electrode, an optical fiber (200 m) coupled to a laser diode (473 nm emission; Thor Laboratories) was inserted into the fornix to optically activate transfected ventral HP fibers. Optical stimu- lation consisted of a pulse of blue light (8 -15 mW) with durations of 1-5 ms.
Histology. Upon completion of stimulation protocols, Neurobiotin was ejected into cells using a 2 Hz current pulse (100 ms; 0.2-1.2 nA) through the recoding electrode for 5-20 min. When cells were filled with Neurobiotin, rats were given an overdose of chloral hydrate and transcardially perfused with cold saline followed by 4% PFA. Brains were postfixed overnight in 4% PFA, rinsed in PBS, and switched to 30% sucrose with azide. Sections (40 -50 m) were obtained using a freezing microtome. Neurobiotin was visualized using Vectastain Elite ABC reagent (Vector Laboratories), followed by Fast-DAB (Sigma-Aldrich). Section were Nissl-stained, coverslipped, and examined under a microscope to verify stimulating electrode placements and recovered cell or recording microelectrode track placement (Fig. 1) .
Statistical analysis. Heterosynaptic suppression data were analyzed using repeatedmeasures ANOVA with F2 or BLA2 delay as a within-subjects factor. Heterosynaptic suppression data where F1 and F2 membrane potential was matched was analyzed using repeated-measures ANOVA with both F2, AP2, or BLA2 delay and pulse type (i.e., F1 vs F2) as within-subject factors. Frequencydependent effects of BLA pulse train stimulation were analyzed using repeated-measures ANOVA with both F2 delay and frequency (10, 20, and 50 Hz) as within-subject factors. Post hoc tests were conducted using paired t test or Fisher's least significant difference. Correlations between heterosynaptic suppression and membrane potential difference or depth from cortical surface were determined using linear regression.
Results

Heterosynaptic suppression of hippocampal inputs to the PFC by BLA train stimulation
Train BLA stimulation attenuated HPevoked EPSPs. A test pulse (F2) to the fornix, the fiber bundle carrying hippocampal fibers innervating the forebrain, was delivered at varying delays after a BLA pulse train (5 pulses at 50 Hz; Fig.  2A ). BLA train stimulation decreased F2 EPSP amplitude relative to a baseline pulse (F1) in a time-dependent manner in all recorded cells (Fig. 2 A, B ; n ϭ 16 cells from 14 rats). Repeated-measures ANOVA revealed an effect of pulse delay (time between F2 and the last BLA train pulse; F (5,125) ϭ 39.098; p Ͻ 0.0001). Post hoc analysis revealed that BLA train stimulation decreased F2 responses relative to F1 at all intervals ( p Ͻ 0.05), but shorter intervals displayed more robust heterosynaptic suppression than longer delays. A subset of cells showed heterosynaptic suppression lasting 500 ms or more.
To determine whether BLA-evoked depolarization of PFC pyramidal neurons contributed to heterosynaptic suppression, we restricted our analysis to sweeps in which membrane potential during F1 was similar to that of F2 by taking advantage of the membrane potential alternation between down and up states or by depolarizing the neuron with intracellular injection of positive current. BLA-evoked heterosynaptic suppression was present even when F2 and F1 were measured at similar membrane potentials (Fig. 2C) . In these cases, repeated-measures ANOVA revealed a delay ϫ pulse interaction (F (4,60) ϭ 23.44; p Ͻ 0.001). Post hoc analysis revealed a significant decrease in F2 EPSP amplitude relative to F1 at all delays. The lack of dependence of suppression on membrane potential differences at the time F1 and F2 were delivered is also supported by lack of correlation between the magnitude of suppression (measured as F2/F1) and the change in membrane potential (measured as F1V m Ϫ F2V m ). The correlation values were p ϭ 0.17 for 50 ms, p ϭ 0.39 for 100 ms, p ϭ 0.92 for 150 ms, p ϭ 0.26 for 300 ms, and p ϭ 0.83 for 500 ms intervals. Moreover, heterosynaptic suppression was still present in neurons in which F2 occurred at more negative membrane potentials than F1, which occurred with longer delays (Fig. 2 A, C) . These results indicate that BLA train stimulation elicits heterosynaptic suppression of hippocampal afferents to the PFC during a window lasting up to several hundred milliseconds.
It is possible that attenuation of F2 EPSP amplitude may be due to short-term depression induced by the relatively short F1-F2 interval (730 -1180 ms). We assessed this possibility using the same stimulation protocol as described above but omitting the BLA train. We did not observe a significant difference between F1 and F2 responses at any delay (Fig. 2 D, E ; F (1,35) ϭ 0.02; p ϭ 0.88), suggesting that BLA stimulation is required to elicit heterosynaptic suppression (n ϭ 8 cells from 8 rats). We have previously demonstrated that single-pulse BLA stimulation drives PFC interneurons and produces inhibitory responses associated with loss of the up states for 100 -600 ms (Dilgen et al., 2013) . To determine whether single-pulse BLA stimulation was sufficient to evoke heterosynaptic suppression of HP inputs, we repeated experiments using a single BLA pulse. BLA-evoked heterosynaptic suppression of F2 EPSP amplitude was not observed with BLA single-pulse stimulation (Fig. 2 F, G ; n ϭ 10 cells from 9 rats). ANOVA revealed a delay ϫ pulse interaction (F (4,36) ϭ 2.917; p ϭ 0.035). However, post hoc analysis failed to reveal any significant difference between F1 and F2 at any of the time points. These results suggest that train BLA stimulation is required to induce heterosynaptic suppression.
BLA-evoked heterosynaptic suppression does not differ between dorsal and ventral medial PFC As dorsal (prelimbic) and ventral (infralimbic) medial PFC exert opposing influences on behavior measures, we compared heterosynaptic suppression in pyramidal neurons in the prelimbic and infralimbic cortex. Heterosynaptic suppression did not differ at any delays between prelimbic and infralimbic cortex ( Fig. 3A; F (1,56) ϭ 0.26; p ϭ 0.62). Furthermore, regression analysis of the relation- ship between heterosynaptic suppression (F2/F1) and depth from cortical surface did not reveal a significant correlation between these two measures (Fig. 3B-F ) . Therefore, heterosynaptic suppression is uniform across both dorsal and ventral sites within the medial PFC.
BLA-evoked heterosynaptic suppression selectively inhibits hippocampal inputs
Electrical fornix stimulation could activate nearby nuclei (thalamus) or fibers of passage. To determine the hippocampal specificity of BLA-evoked suppression of responses to fornix electrical stimulation, we used optogenetics. We injected a subset of rats with adeno-associated virus expressing channelrhodopsin-2 (ChR2)-YFP under control of the CaMKII promoter into the HP (Fig. 4A) . ChR2 was expressed in the fornix at the same site that was targeted for electrical stimulation (Fig. 4A ). Optical stimulation with blue light at that site evoked EPSPs similar to those evoked by electrical stimulation. Optically evoked fornix responses were suppressed by 50 Hz BLA train stimulation (Fig. 4 B, C ; n ϭ 7 cells from 6 rats), even when correcting for membrane potential differences between F1 and F2 (Fig.  4D ). ANOVA revealed a pulse ϫ delay interaction (F (4,24) ϭ 2.789; p ϭ 0.049). Thus, BLA-evoked heterosynaptic suppression of fornix-evoked responses in the PFC is attributable to inhibition of information flow from the ventral HP to the PFC and not to nonspecific activation of other inputs.
BLA-evoked heterosynaptic suppression of hippocampal-evoked responses is frequency dependent
We next sought to determine whether the frequency of the BLA train determined the degree of heterosynaptic suppression of optically and electrically evoked fornix responses. Using the stimulation protocols described above, but with varied frequency of BLA pulse trains (10, 20, or 50 Hz; Fig. 5A ), we found that normalized BLA2 EPSP amplitude was temporally attenuated in a frequency-dependent manner (Fig. 5 A, B ; n ϭ 5 cells from 4 rats). Repeated-measures ANOVA revealed a delay ϫ frequency interaction (F (8,32) ϭ 2.789; p ϭ 0.018). These results demonstrate that heterosynaptic suppression becomes more robust and longer-lasting with increasing BLA pulse train frequency.
BLA train stimulation produces heterosynaptic suppression of inputs from an associative temporal cortex
To explore whether BLA-evoked heterosynaptic suppression is restricted to HP inputs, we assessed the effects of BLA train stimulation on responses evoked by electrical stimulation of the AP cortex. The AP is an associative temporal cortical region considered part of the entorhinal cortex that projects to the medial PFC (Condé et al., 1995; Shammah-Lagnado and Santiago, 1999) . Single-pulse AP stimulation evoked short-latency monosynaptic EPSPs in PFC neurons similar to those evoked by BLA and fornix stimulation (Fig. 6A) , consistent with a direct innervation of PFC neurons by the AP. BLA train stimulation decreased AP-evoked synaptic responses in a time-dependent manner ( Fig. 6B ; n ϭ 10 cells from 8 rats). ANOVA of AP1 and AP2 EPSP amplitudes revealed a delay ϫ pulse interaction (F (1,9) ϭ 5.254; p ϭ 0.048). Thus, BLA-mediated heterosynaptic suppression is not limited to HP afferents to the PFC but is also present in PFC afferents from other cortical structures. 
Stimulation of hippocampal inputs to the PFC does not modify BLA-evoked responses in the PFC
HP stimulation also produces hyperpolarizing responses and inhibits PFC pyramidal neuron activity (Dégenètais et al., 2003; Ishikawa and Nakamura, 2003; Tierney et al., 2004) and, as such, may be able to produce heterosynaptic suppression of the BLA-PFC pathway. Stimulation protocols were conducted wherein baseline (BLA1) and test pulses (BLA2) were applied to the BLA while a conditioning pulse train stimulation was applied to the fornix (Fig. 7 A, B) . Fornix train stimulation failed to produce heterosynaptic suppression of BLA2 responses relative to BLA1 responses (n ϭ 8 cells from 8 rats). Although repeated-measures ANOVA showed a main effect of delay when matching membrane potential (F (4,7) ϭ 8.832; p Ͻ 0.001), there were no BLA1 Ϫ BLA2 differences (F (1,28) ϭ 1.931; p ϭ 0.207). The lack of an effect of fornix stimulation was not due to differential responses than those produced by the BLA as fornix train EPSP amplitude was similar to BLA train EPSP amplitude (data not shown). Furthermore, single-pulse fornix stimulation did not modify BLA2 EPSP amplitude relative to BLA1 at any delay tested ( Fig. 7C,D ; n ϭ 8 cells from 7 rats). ANOVA revealed a main effect of delay (F (4,28) ϭ 5.394; p ϭ 0.002), but no effect of pulse type (F (1,7) ϭ 1.132; p ϭ 0.323). Although single-pulse fornix stimulation produced hyperpolarizing and inhibitory responses in single-unit activity, it did not attenuate BLA afferents to the PFC. It is possible that short-term facilitation in BLA-evoked responses from repeated BLA stimulation could potentially be masking any heterosynaptic suppressive effects produced by fornix stimulation. However, BLA1 EPSP amplitude did not differ from that of BLA2 when fornix stimulation was omitted (Fig. 7 E, F ; F (5,40) ϭ 1.270; p ϭ 0.296; n ϭ 9 cells from 9 rats). Collectively, these results suggest that heterosynaptic interactions between the BLA and HP are unidirectional, with BLA suppressing HP inputs, but not vice versa.
Discussion
Trains of stimuli to the BLA suppressed EPSPs evoked in PFC neurons by fornix stimulation. Heterosynaptic suppression was strongest at shorter delays after the BLA train. BLA-evoked heterosynaptic suppression of HP inputs was not due to membrane potential changes induced by the BLA train and required trains of stimuli, as it was not elicited by paired fornix stimulation in the absence of a BLA pulse train or by single-pulse BLA stimulation. BLA-evoked heterosynaptic suppression did not differ between dorsal (prelimbic) and ventral (infralimbic) regions of the medial PFC. Moreover, BLA-evoked heterosynaptic suppression was frequency-dependent, with more robust and prolonged suppression observed with higher BLA train frequency stimulation. Heterosynaptic suppression of fornix-evoked responses was due to specific action on HP afferents in the PFC, as suppression of EPSPs evoked by optical fornix stimulation was present in animals expressing ChR2 in the ventral HP. We observed heterosynaptic suppression of AP inputs to the PFC, suggesting that other limbic cortical signals are also shunted by BLA inputs. Heterosynaptic suppression was unidirectional and not evoked by fornix train stimulation, suggesting that BLA inputs are distinct from HP inputs in their ability to produce heterosynaptic suppression. Collectively, these results provide a framework whereby BLA activity can interfere with communication between the HP and PFC. Heterosynaptic suppression was most effective during a short window after BLA stimulation and depended on the intensity of activation. This profile is reminiscent of what is observed during anxiety and stress in humans, conditions in which amygdala activation is inversely correlated to PFC activity (Kim et al., 2011a; Townsend and Altshuler, 2012; Veer et al., 2012) . Heterosynaptic suppression was not observed after BLA single-pulse stimulation, suggesting that strong BLA activation is required for heterosynaptic suppression at the delays tested. BLA and HP interactions in the medial PFC have previously been investigated using extracellular single-unit recordings assessing probability of evoked action potential firing with inconsistent results. Single-pulse BLA stimulation was shown to facilitate HP-evoked spiking at short intervals after BLA pulse (Ͻ20 ms) and/or inhibit HP-evoked action potentials in the PFC at intervals longer than 20 ms in one study (Ishikawa and Nakamura, 2003) , and the opposite pattern in another (Esmaeili and Grace, 2013) . This discrepancy may be due to a diverse set of experimental conditions that can affect input integration and eventually spiking output. Here, we restricted our assessment to measures of inputs to PFC pyramidal neurons: the amplitude of EPSPs. Although inputs can be modulated by these interactions, additional postsynaptic factors may play a role in further affecting action potential firing.
The mechanisms responsible for heterosynaptic suppression of HP inputs to the PFC are not clear. BLA stimulation inhibits the majority of PFC pyramidal neurons (Pérez-Jaranay and Vives, 1991; Ishikawa and Nakamura, 2003; Floresco and Tse, 2007; Dilgen et al., 2013 ) via recruitment of local-circuit fastspiking interneurons. Therefore, it is possible that sustained recruitment of PFC interneurons by BLA train stimulation may play a role in shunting incoming HP EPSPs. We previously demonstrated that GABA-A receptor signaling mediates a shortlatency inhibitory effect on single-unit activity (lasting ϳ50 ms) evoked by single-pulse BLA stimulation, whereas more prolonged hyperpolarizing synaptic responses and inhibition of spiking (lasting ϳ200 ms) are not modified by GABA-A receptor blockade in PFC single units (Dilgen et al., 2013) . We also recently reported heterosynaptic suppression in the ventral striatum, which included a component mediated by local GABA-A receptors (Calhoon and O'Donnell, 2013) . In that study, blocking GABA-A receptors in the recorded neuron reduced, but did not eliminate, heterosynaptic suppression of HP inputs by PFC stimulation, suggesting that additional mechanisms were involved. It is therefore possible that BLA-evoked heterosynaptic suppression in the PFC is mediated by multiple mechanisms. Short-delay heterosynaptic suppression may be mediated by GABA-A shunting of HP synaptic responses, whereas heterosynaptic suppression expressed at longer delays may be mediated by a slower inhibitory process, such as GABA-B or endocannabinoid signaling. Further work using dual opsin optogenetic approaches using whole-cell electrophysiology in brain slices combined with pharmacological (i.e., blocking postsynaptic GABA-A with picrotoxin in the internal solution or using a GABA-B receptor antagonist) and transgenic (i.e., genetic deletion of presynaptic vs postsynaptic GABA-B receptors) approaches should be used to investigate that factor(s) that mediate heterosynaptic suppression and their impact on afferent inputs to the medial PFC. Heterosynaptic suppression of temporal cortical inputs to the medial PFC did not differ between dorsal (prelimbic) and ventral (infralimbic) sites. It is well appreciated that dorsal and ventral medial PFC exert opposing effects in aversive and reward learning. For instance, recent work has demonstrated that intermingled BLA neuron populations that project either to the prelimbic or infralimbic PFC are implicated in mediating the expression and extinction of conditioned fear responses, respectively (Senn et al., 2014) . BLA stimulation produces proportionally similar excitation and inhibition of both prelimbic medial PFC neurons (Pérez-Jaranay and Vives, 1991; Floresco and Tse, 2007; Dilgen et al., 2013; but see Ishikawa and Nakamura, 2003) and produces similar heterosynaptic suppression of temporal cortical inputs in both prelimbic and infralimbic PFC. Therefore, BLA neurons that project to the PFC may be differentially engaged in conditioned fear by virtue of which medial PFC region they innervate (dorsal vs ventral) and not differential effects on infralimbic and prelimbic cortex neuron activity. It is possible that differential recruitment of intermingled BLA neurons projecting either to ventral or dorsal medial PFC partially accounts for divergent functional connectivity between the amygdala and ventral or dorsal BLA during low levels of anxiety compared with that of high levels of anxiety in humans (Kim et al., 2011a,b) . Future work should be aimed at determining the influence of selective BLA inputs to either the dorsal and ventral medial PFC on PFC neuron activity and interactions with the hippocampus. Corticolimbic circuits may shift between bottom-up and topdown inhibition between the BLA and medial PFC depending on situation and contextual information. Signals that cue safety (a neutral stimulus or the periphery of an open field) are associated with increased synchrony in oscillations and spiking between the BLA and medial PFC, which is led by the medial PFC (Likhtik et al., 2014) . This is consistent with a role of the medial PFC in attenuating conditioned fear and anxiety responses in the amygdala. Moreover, BLA tended to lead the medial PFC proportionally more in response to cues that predict footshock. Given that BLA neurons can participate in fear expression and extinction depending on the site of medial PFC innervations (Senn et al., 2014) , bottom-up regulation of the medial PFC by the BLA may confer information that accentuates and attenuates fear. It is likely that top-down and bottom-up regulation in medial PFC and BLA pathways shifts back and forward depending on perceived signs of threat and safety to engage in an appropriate behavioral response. This is evidenced by differences in medial PFC-BLA neuron activity synchrony that is led by either the BLA or medial PFC depending on whether monkeys can successfully discriminate between reversal learning of conditioned fear and neutral stimuli (Klavir et al., 2013) .
HP afferents do not appear to gate integration of BLA-evoked synaptic responses in the PFC. Fornix train stimulation failed to produce heterosynaptic suppression of BLA-evoked responses, suggesting that heterosynaptic suppression by the BLA is unidirectional. This is consistent with a recent study demonstrating that single-pulse HP stimulation fails to modify BLA-evoked spiking of PFC neurons (Esmaeili and Grace, 2013) . Inhibition of BLA-evoked spiking by a priming HP pulse has also been previously reported, but this effect lasted Ͻ80 ms (Ishikawa and Nakamura, 2003) . The HP may play a limited role in gating BLA inputs to the PFC. It is not clear why HP inputs would not be able to suppress BLA inputs, as HP inputs increase PFC interneuron activity and inhibit the activity of PFC neurons (Dégenètais et al., 2003; Tierney et al., 2004) similar to the BLA. HP train stimulation at frequencies similar to those used in the present study do recruit inhibitory components involving GABA-A receptors (Thomases et al., 2013) . Therefore, it is likely that the unidirectional gating we observed is not due to differences in the ability of BLA and HP afferents to recruit inhibitory interneurons in PFC networks. It is possible that differential location of BLA and hippocampal synapses onto PFC pyramidal neurons accounts for a lack of hippocampal-evoked heterosynaptic suppression of BLA inputs. Anatomically, both the ventral hippocampus and BLA heavily innervate layers II/III and deep layers of the medial PFC, but innervation does not predict the presence of functional synapses (Little and Carter, 2012) . In layer II pyramidal neurons, functional hippocampal synapses with NMDA receptors are found in both proximal and distal dendrites, whereas BLA inputs with functional NMDA receptors are located more proximal relative to hippocampal afferents. If proximal BLA inputs engage a shunting conductance (i.e., a K ϩ conductance) in proximal dendrites that it innervates, that would influence depolarizations traveling from distal to proximal sites. Hippocampal inputs activating similar conductances in distal dendrites would not be expected to influence BLA-evoked depolarizations in proximal dendrites. It is also possible that HP-mediated heterosynaptic suppression exists, but it may be dependent on the state of the network. HP inactivation did not influence encoding of fear in the PFC in fear-conditioned rats but did in rats that had undergone extinction (Sotres-Bayon et al., 2012) . This notion is also consistent with a recent study indicating that the HP can exert an inhibitory influence on BLA-evoked extracellular responses using high-frequency stimulation protocols that elicit long-term changes in synaptic efficacy (Thomases et al., 2014) . Moreover, in a developmental animal model of schizophrenia, BLA-evoked heterosynaptic suppression is lost, whereas HP inhibition of BLA-evoked orthodromic spikes is gained (Esmaeili and Grace, 2013) .
Heterosynaptic suppression may serve to restrict activated PFC neural ensembles to those relevant to the behavioral state driving BLA activity. Furthermore, our findings that heterosynaptic suppression requires trains of pulses to the BLA and is dependent on the frequency of BLA train stimulation suggest that BLA activity may be able to inversely scale PFC responsiveness to HP and cortical inputs that drive PFC network activity, and the BLA would most effectively gate HP information flow into the PFC in situations where the BLA would be strongly activated. By inhibiting synaptic HP responses in the PFC, the BLA may also influence HP entrainment of oscillations in the PFC, which are associated with optimal mnemonic processing (Gordon, 2011). BLA stimulation also suppressed AP cortex inputs to the medial PFC, suggesting that BLA is well positioned to regulate the flow of information from other temporal cortical structures. Heterosynaptic suppression of HP and cortical afferents is one mechanism by which the BLA could decrease PFC activation and may provide a basis for "bottom-up" inhibition of PFC activity by the BLA. Under normal resting states, unidirectional heterosynaptic suppression may be the default mode interaction, only overcome by strong HP and temporal cortical activity. This interaction may sharpen BLA-driven PFC neuronal ensembles, in part by decreasing "noise" by heterosynaptic suppression of weak inputs. Dampening HP and other inputs would allow only the strongest HP and cortical inputs, capable of overriding heterosynaptic suppression to influence PFC neural ensembles. BLA activity is necessary for conditioned fear-induced increases in PFC neuron firing (Laviolette et al., 2005; Sotres-Bayon et al., 2012) , but BLA activity suppresses the majority of PFC neurons during expression of conditioned fear (Garcia et al., 1999) . These findings are consistent with the hypothesis that BLA-mediated PFC inhibition and heterosynaptic suppression may highlight the activity of behaviorally relevant PFC ensembles. Such control of sparse coding in PFC ensembles by the BLA via heterosynaptic suppression would affect PFC-dependent decision-making and cognition. This would be a mechanism by which emotional valence or any other information being processed in the BLA can influence PFC output.
